ABSTRACT A small subgroup of patients with asthma suffers from severe disease that is either partially controlled or uncontrolled despite intensive, guideline-based treatment. These patients have significantly impaired quality of life and although they constitute <5% of all asthma patients, they are responsible for more than half of asthma-related healthcare costs. Here, we review a definition for severe asthma and present all therapeutic options currently available for these severe asthma patients. Moreover, we suggest a specific algorithmic treatment approach for the management of severe, difficult-to-treat asthma based on specific phenotype characteristics and biomarkers. The diagnosis and management of severe asthma requires specialised experience, time and effort to comprehend the needs and expectations of each individual patient and incorporate those as well as his/her specific phenotype characteristics into the management planning. Although some new treatment options are currently available for these patients, there is still a need for further research into severe asthma and yet more treatment options.
Introduction
Asthma is a common, chronic and heterogeneous disease, affecting people of all ages. It may be mild, barely noticed by the patient, or it may range all the way to very severe disease, causing constant symptoms greatly affecting the life of the patient, and may result in poor quality of life and severe, life-threatening attacks. Severe asthma is increasingly associated with different specific phenotypes and it represents a major unmet therapeutic need [1] . Approximately 5-10% of patients are estimated to suffer from severe asthma, whereas 1-2% have severe treatment-resistant/refractory asthma, but there is significant geographic variation [2] .
During the last few years, novel research and clinical studies have provided new information regarding severe asthma phenotyping, endotyping and treatment options. We have come to realise that the identification of the patient's specific inflammatory phenotype is important not only for research purposes, but also to implement a successful treatment plan. Early studies involved mainly allergic asthma and early/ late allergic reactions, which can be easily reproduced in experimental models, and accordingly it has been widely accepted that asthma is primarily a T-helper (Th) 2 immunological disease. However, recent studies on severe asthma have shown that in many cases it is nonatopic, and that inflammation in severe asthma is not characterised by eosinophilia and Th2-type cytokines, but may in fact be T2-low. Severe asthma cohort studies (e.g. the ENFUMOSA/BIOAIR studies [3] [4] [5] , the TENOR/SARP studies [6] [7] [8] , the UK and Belgium severe asthma registries [9, 10] , and, more recently, the U-BIOPRED project [11] ) established the value of phenotyping severe asthma and show that some patients have stable eosinophilic phenotypes over time, while others are steadily noneosinophilic or alternate between phenotypes.
This information has led to the development of new treatment options in severe asthma, such as the use of monoclonal antibodies (mAbs) or specific pathway inhibitors that have demonstrated clinical efficacy in very well-designed clinical studies [12] [13] [14] [15] . These therapeutic agents have been formulated to target specific pheno-and/or endotypes. Therefore, in everyday clinical practice treating physicians now have several therapeutic options for severe asthma, but also have the difficult task of identifying which patient is the best candidate for each of these specific treatments. In this review, we will summarise currently available therapeutic options for severe asthma and propose a pheno-endotype-based treatment algorithmic approach in patients with severe uncontrolled asthma.
Severe asthma definition
The definition of asthma severity has changed considerably over the years. In the early Global Initiative for Asthma (GINA) and National Asthma Education and Prevention Program (NAEPP) guidelines, overall asthma severity was considered mainly on the basis of the patient's clinical characteristics prior to initiation of treatment [16, 17] . Recent GINA/NAEPP guidelines define asthma severity based on the level of asthma treatment used to maintain adequate asthma control [18, 19] . Asthma that requires continuous high-dose treatment has important medication side-effects and high long-term risk. This severe form of asthma, often referred to as treatment-resistant, refractory or difficult-to-treat asthma, has been the subject of a number of reports published by the European Respiratory Society (ERS) and American Thoracic Society (ATS) [2, 11, [20] [21] [22] [23] . According to the current ERS/ATS Task Force on severe asthma, the proposed definition describes severe asthma as asthma which requires treatment with high-dose inhaled corticosteroids (ICSs) plus a second controller (and/or systemic corticosteroids) to prevent it from becoming uncontrolled or which remains uncontrolled despite this therapy [2] . This definition therefore includes treatment-resistant asthma and severe asthma that persists due to inability to effectively treat confounders/comorbidities, such as severe sinus disease or obesity, but does not include untreated asthma. Therefore, the vast majority of these patients will have already received high doses of ICSs plus long-acting β-agonists (LABAs) as a second controller and in most cases in fixed combinations. A significant proportion of these patients are already on add-on treatment with tiotropium and/or leukotriene receptor antagonists (LTRAs) and/or theophylline. The definition of high-dose ICS proposed by the ERS/ATS is higher that that used in clinical practice (table 1) . Fixed combinations do not allow for ICS doses to reach these high levels without exceeding safety levels for their LABA component. Adding ICS in separate inhalers has not been tested in clinical studies and is generally not advised by severe asthma experts worldwide. In our opinion, GINA-based ICS dose ranges seem closer to real-life settings (table 1) .
Severe asthma phenotypes
Characterising asthma patients based on their corresponding endotypes allows better phenotyping and guidance of available treatment options. Currently, two major endotypes of severe asthma have been identified: T2-high and T2-low asthma. T2-high asthma is associated with increased epithelial expression of Th2-type cytokines, such as interleukin (IL)-4, IL-5 and IL-13. Although heterogeneous in nature, the designation of the T2-high endotype has been primarily based on the presence of atopy and/or eosinophilic airway inflammation, usually identified on the basis of sputum or blood eosinophilia, yet with no universally accepted thresholds [13, 15, [24] [25] [26] . The definition of the T2-low endotype is even more elusive. It is usually defined by the absence of markers of Th2-mediated inflammation and is characterised by neutrophilic or, less commonly, paucigranulocytic airway infiltration depicted in induced sputum cell counts [27] . Other aspects of severe asthma pathophysiology, such as recurrent bacterial/viral infections, altered innate immunity responses and airway remodelling, may also contribute mostly to T2-low asthma.
In clinical practice, surrogate markers are essential in phenotyping severe asthma patients and in guiding treatment. Total and/or specific IgE levels as well as skin prick test (SPT) positivity have long been used as markers of atopy. Moreover, as analysis of induced sputum is usually performed in highly specialised centres, several other T2-high asthma biomarkers have been thoroughly examined and validated up to now, such as exhaled nitric oxide (NO), blood eosinophils and serum periostin [28] . However, biomarkers for T2-low asthma are still lacking. Therefore, characterising the T2-low endotype essentially requires the lack of any known biomarkers of T2-high asthma. In a recent study by BUSSE et al. [29] , cut-off points used to define high levels of Th2 immune activation were described (IgE ⩾100 IU·mL , blood eosinophil count ⩾300 μL −1 and exhaled NO fraction (FENO) ⩾30 ppb). Using these thresholds, patients can be classified as having either a high (elevation in two or more T2 biomarkers) or a low Th2 (elevation in one or no T2 biomarkers) immune profile [29] . This approach seems reasonable until we find a T2-low biomarker validated in well-designed studies that can be used in clinical practice.
Treating severe asthma: current options
During the last decade several new drugs addressing severe asthma have been developed and approved or are in phase 3 clinical studies. Some of these drugs, such as omalizumab or anti-IL-5 mAbs, have recently been included in Step 5 in the latest GINA recommendations [18] , along with other established treatment options, such as tiotropium and oral corticosteroids (OCSs).
Tiotropium
Tiotropium is a long-acting muscarinic antagonist (LAMA) with duration of action exceeding 24 h, attributed to its slow dissociation from muscarinic receptors [30] . In animal models of allergic asthma, it has been shown that tiotropium has anti-inflammatory effects [31, 32] . The mechanisms by which LAMAs have the potential to improve asthma control include bronchodilation or inhibition of cholinergically mediated bronchoconstriction, but also possible inhibition of airway smooth muscle hypertrophy and hyperresponsiveness [33] .
In a proof-of-concept study, including patients on GINA Step 4 treatment with severe persistent asthma, tiotropium add-on treatment provided highly significant improvements in peak forced expiratory volume in 1 s (FEV1) [34] . KERSTJENS et al. [35] reported results from two long-term, replicate, phase 3 trials of tiotropium Respimat 5 μg, also in patients with symptomatic severe asthma. In this cohort of 912 patients with FEV1 <80% pred, tiotropium Respimat significantly increased the time to the first severe exacerbation and improved lung function. However, improvements in Asthma Control Questionnaire (ACQ)-7 and Asthma Quality of Life Questionnaire (AQLQ) scores were small and inconsistent, and did not reach a clinically important difference. Similar results were reported in a real-life asthma population, where the addition of tiotropium was associated with significant decreases in the incidence of exacerbations (from 37% to 27%) and antibiotic prescriptions for lower respiratory tract infections [36] . Tiotropium (soft-mist inhaler) has recently been included as a new add-on treatment for GINA Steps 4 and 5 in patients aged ⩾18 years with a history of exacerbations (Evidence A) [18] .
Anti-IgE treatment (omalizumab)
IgE is an important mediator of allergic reactions and it was considered early as a suitable therapeutic target [37] . Omalizumab is the first recombinant humanised IgG1 mAb, which targets and binds free IgE, interrupting the IgE-mediated asthma inflammatory cascade at an early stage, and thus reducing both early and late asthmatic responses [38] . Patients in which omalizumab can be considered as an add-on therapy are patients with severe asthma and at least one positive SPT or serum IgE to a perennial aeroallergen (radioallergosorbent test (RAST)), reduced lung function (FEV1 <80% pred) and multiple documented exacerbations of asthma despite receiving daily high-dose ICS plus a LABA. In these patients, randomised controlled clinical trials have shown that omalizumab significantly decreases asthma exacerbations, including hospital admission and emergency room visits, improves respiratory symptoms and quality of life, and reduces the use of OCSs, ICSs and rescue medication [12, [39] [40] [41] . These favourable outcomes of clinical trials have been confirmed and enhanced by multiple real-life studies, also providing evidence for the long-term efficacy of this drug [42] [43] [44] [45] . Furthermore, despite initial concerns, omalizumab has positive short-and long-term safety profiles in both randomised clinical trials and real-life studies [45, 46] . Of note, in the latest GINA update, omalizumab has replaced oral steroids as the preferred add-on option in severe allergic asthma [18] .
Not all patients with severe allergic asthma and high IgE levels will benefit from omalizumab. Patients should be reassessed 16 weeks after treatment initiation in order to evaluate their response to treatment and to decide whether the treatment should be continued [47] . Baseline characteristics do not reliably predict response to omalizumab, but studies have shown that patients more likely to benefit might be those with high levels of Th2 inflammatory biomarkers, such as exhaled NO, blood eosinophils and serum periostin [48] . The optimal duration of omalizumab treatment has not yet been determined. Due to the mechanism of action of omalizumab, once administered, it should probably be continued. A relapse in asthma symptoms and exacerbations within a few months after anti-IgE discontinuation has been previously reported [49] . In a recently published placebo-controlled study, the risks and benefits of continuing or not omalizumab after long-term use (∼5 years) was assessed. The results demonstrate that continuation of omalizumab resulted in sustained benefit in terms of symptoms control and exacerbations [50] . Nevertheless, the relatively high percentage of subjects in the placebo arm with no exacerbations and good asthma control did suggest a persistency of benefit even if the long-term omalizumab treatment is discontinued [50] . Adverse events are rare and mostly represent local reactions at injection sites. Headache, nausea or tiredness have been also reported, but the frequency does not differ from that of placebo. Anaphylactic reactions have been occasionally reported, but are extremely rare.
Anti-IL-5 treatment IL-5 is the only cytokine activating the high-affinity IL-5 receptor expressed primarily in eosinophils and basophils. IL-5 promotes the differentiation, expansion and survival of eosinophils. IL-5 is also responsible for eosinophil activation and degranulation [51] . As eosinophils are pivotal in allergic reactions, the central role that IL-5 plays in eosinophil biology makes it an ideal target for attenuating these responses. Severe asthma has for long been associated with increased activity of circulating and tissue eosinophils [52] . To date, two humanised mAbs, mepolizumab and reslizumab, that bind to human IL-5 have been developed. These antibodies have already been tested in animal models as well as in several studies involving patients primarily with severe asthma [13, 15, 24, [53] [54] [55] [56] [57] . In addition, a mAb (benralizumab) targeting the IL-5 receptor has been recently developed and studied in uncontrolled eosinophilic asthma [58] [59] [60] .
Mepolizumab
Mepolizumab is a mouse anti-human mAb which is specific for human IL-5. It acts by binding to human IL-5 with high affinity and specificity; thus, it effectively blocks IL-5 from binding to the IL-5 receptor complex on the cell surface of eosinophils [61] . Mepolizumab is currently in clinical trials in a broad spectrum of eosinophilic-derived diseases, such as hypereosinophilic syndrome, eosinophilic oesophagitis, eosinophilic granulomatosis with polyangiitis, nasal polyposis as well as in severe asthma and chronic obstructive pulmonary disease (COPD).
Initial studies with mepolizumab in mild to moderate asthma were negative in terms of clinical benefit, despite a significant reduction in blood and sputum eosinophils [62, 63] . These frustrating results led several investigators to question the efficacy of this targeted therapy. However, following a more careful selection of the study population, based on the dogma that targeted therapy is for specific phenotypes/ endotypes of a disease, the perspective started to change. Two small but significant studies published in 2009 investigated the role of mepolizumab in severe uncontrolled asthma with persistent eosinophilia (sputum eosinophils >3%) [13, 24] . In terms of clinical efficacy, treatment with mepolizumab was associated with significantly fewer severe exacerbations than placebo and a significant reduction in oral prednisone dose [13, 24] . However, no significant differences were observed with respect to symptoms, FEV1 or airway hyperresponsivness [13, 24] . The results of these two studies indicate that anti-IL-5 treatment can be effective in a carefully selected subgroup of asthmatic patients with persistent eosinophilia, in whom eosinophils seem to be important contributors to the pathophysiology of asthma exacerbations.
In 2012, the results of a large multicentre, placebo-controlled trial (the DREAM study), which recruited 621 patients with a history of recurrent severe asthma exacerbations and signs of eosinophilic inflammation, was published [15] . Mepolizumab significantly reduced the number of asthma exacerbations, but, similar to previous studies, had a small effect on traditional markers of asthma control, i.e. FEV1, AQLQ and ACQ scores [15] . In this study, only baseline peripheral blood eosinophil count and exacerbation frequency in the previous year were associated with efficacy [15] . Based on this finding, two studies in severe eosinophilic asthma defined by blood eosinophils levels were published in 2014 [55, 56] . In the MENSA study, mepolizumab administered either intravenously or subcutaneously significantly reduced asthma exacerbations (32% and 61%, respectively) and improved markers of asthma control [55] . BEL et al. [56] studied mepolizumab therapy in 135 patients with severe eosinophilic corticosteroid-dependent asthma. In these patients requiring daily oral glucocorticoid therapy, mepolizumab had a significant glucocorticoid-sparing effect (50% reduction in OCS dose), reduced exacerbations by 32% and also improved control of asthma symptoms. In a recent phase 3b placebo-controlled trial (the MUSCA study), mepolizumab was associated with significant improvement of health-related quality of life, lung function and asthma symptoms control in a large pool of patients with severe eosinophilic asthma [64] . The safety profile of mepolizumab in all published studies was similar to that of placebo [15, 55, 56, 64] .
In November 2015, the US Food and Drug Administration (FDA) approved mepolizumab (administered once every 4 weeks by s.c. injection) for patients with severe eosinophilic asthma and a history of exacerbations, followed 1 month later by European Medicines Agency (EMA) approval. Mepolizumab was also incorporated in the latest GINA recommendations as an add-on treatment option in Step 5 of the treatment plan [18] .
Reslizumab
Reslizumab is a rat anti-human mAb of the IgG4κ subtype that binds to a small region of IL-5 and thus it effectively blocks IL-5 from binding to the IL-5 receptor complex on the cell surface of eosinophils [61] .
Reslizumab is currently in clinical trials for the treatment of hypereosinophilic syndrome, eosinophilic oesophagitis, eosinophilic granulomatosis with polyangiitis and severe eosinophilic asthma.
In the first phase 3 study published in 2011, in a cohort of 106 patients with eosinophilic asthma (sputum eosinophils ⩾3%), reslizumab significantly reduced sputum eosinophils, improved lung function and showed a trend toward better asthma control [54] . Following the paradigm of mepolizumab, reslizumab was then studied in asthma patients inadequately controlled by medium to high doses of ICSs, marked blood eosinophilia (⩾400 cells·μL
) and frequent exacerbations. In two duplicate, multicentre, placebo-controlled, phase 3 trials published in 2015, 953 patients were assigned to receive either i.v. reslizumab (3 mg·kg ) or placebo every 4 weeks for 1 year [57] . In both cohorts, patients receiving reslizumab had a significant reduction, of >50%, in the frequency of asthma exacerbations [57] . Finally, two studies published in 2016 confirmed previous findings, and showed that reslizumab improved lung function, asthma control, symptoms and quality of life in patients with inadequately controlled asthma and elevated blood eosinophil levels, while such clinically meaningful effects were not seen in patients unselected for baseline eosinophils [65, 66] . Interestingly, in a recent study in 10 prednisone-dependent asthmatic subjects inadequately controlled under add-on treatment with fixed-dose mepolizumab, weight-adjusted i.v. reslizumab suppressed airway eosinophilia and improved asthma control [67] . Reslizumab was well tolerated and in all published studies the reported adverse events were similar or even fewer than that of placebo [54, 57, 65, 66] .
In March 2016, the FDA approved reslizumab (administered once every 4 weeks by i.v. infusion) for patients ⩾18 years of age with asthma and elevated blood eosinophils who are inadequately controlled on ICSs. EMA approval followed a few months later.
Benralizumab
Benralizumab is a fully humanised IgG1 anti-IL-5 receptor α mAb derived from mice [61] . This mAb has a different mechanism of action compared with mepolizumab and reslizumab. It has an identified specificity for the human IL-5 receptor α-subunit. By targeting the IL-5 receptor, it prevents the binding of IL-5 and depletes the cells expressing the IL-5 receptor (mainly eosinophils but also basophils) by inducing apoptosis [68] . Benralizumab is currently in clinical studies in patients with asthma and COPD, as well as in eosinophilic chronic rhinosinusitis and hypereosinophilic syndrome.
In an initial phase 2b dose-ranging study, efficacy and safety of benralizumab in adults with uncontrolled asthma were studied [58] . In this proof-of-concept study, benralizumab at 20 and 100 mg doses seemed to reduce asthma exacerbations in patients with uncontrolled asthma and baseline blood eosinophils ⩾300 cells·μL −1 [58] . Following these findings, two similar phase 3 studies have recently been published [59, 60] . In both studies, benralizumab significantly reduced annual exacerbation rates, and improved FEV1 and asthma symptoms control, while being well tolerated [59, 60] . In a meta-analysis of these two studies, the extent to which exacerbations rates were reduced increased with increasing blood eosinophil thresholds and with greater exacerbation history [69] . In the recently published ZONDA trial, benralizumab was effective as an oral glucocorticoid-sparing therapy in severe corticosteroid-dependent asthma associated with eosinophilia, reducing exacerbations but not affecting FEV1 [70] . Finally, the long-term safety of benralizumab will be examined in a study called BORA (ClinicalTrials.gov identifier NCT02258542), estimated to end in June 2018. Benralizumab was recently approved by the FDA and EMA for severe eosinophilic asthma treatment.
Oral corticosteroids
The proportion of severe asthmatic subjects treated with OCSs is extremely variable and is up to 60% in different cohorts, with significant geographic variation [8] [9] [10] . The dose of OCS used is also highly variable, with reports from the British Thoracic Society Severe Refractory Asthma Registry of a mean dose of prednisolone >20 mg·day −1 [10] . Yet, despite this widespread use, there is a relative paucity of robust study evidence proving a beneficial effect from systemic corticosteroids on exacerbation rates in severe asthmatic subjects. There are no randomised controlled trials of prednisolone versus placebo as add-on therapy in severe asthma. A large audit using data from the British Thoracic Society Difficult Asthma Registry suggested a decreased rate of severe asthma exacerbations during the follow-up period, while the proportion of patients taking OCSs increased from 42% to 57%. This led the authors to suggest that maintenance OCS use was associated with a reduced rate of severe asthma exacerbations among this severe asthmatic cohort [71] . While data about efficacy are still sporadic, side-effects of chronic OCS use are quite evident. Potential adverse event reported among OCS-treated asthma patients include hypertension, diabetes, pneumonia, obesity, osteoporosis, cataracts and opportunistic infections [72] .
Macrolides
Macrolides may be of benefit in asthma despite the fact that their administration may increase the risk for microbial resistance. They achieve their action through different mechanisms which are mainly related to either an anti-inflammatory effect or/and to their possible inhibitory effect on the microbiome and virobiome within the airways [73] . Only two studies have examined their clinical effect on severe asthma. The study by BRUSSELLE [73] investigated whether the administration of low-dose azithromycin in patients with severe asthma could potentially alter the rate of exacerbations during a period of 6 months follow-up. The study was considered negative since it failed to reach the primary outcome. However, a positive effect was observed in patients with noneosinophilic asthma [74] . On the contrary, the recently published AMAZES study demonstrated that adding azithromycin in a larger pool of patients with uncontrolled persistent asthma (on medium-to high-dose ICS plus LABA) reduced the exacerbation rate and improved quality of life [75] . Even so, the evidence regarding the role of macrolides in severe asthma is still very limited to support their regular use in the clinical setting.
Bronchial thermoplasty
Bronchial thermoplasty is a new bronchoscopic therapy delivering radiofrequency energy to the airways with the aim to reduce airway smooth muscle mass and smooth muscle hypertrophy [76] . Three randomised trials support the use of bronchial thermoplasty as a treatment modality for uncontrolled asthma [77] [78] [79] [80] [81] . Both the RISA and AIR study groups found that patients with severe asthma who underwent bronchial thermoplasty had an initial increase in hospitalisation due to respiratory adverse events, but no statistically significant difference in exacerbations in the post-treatment phase. In both studies bronchial thermoplasty was associated with an improvement in asthma control indices [77, 78] . The AIR2 study also found that bronchial thermoplasty-treated patients experienced significantly fewer asthma exacerbations, emergency department visits and days missed from work/school compared with the control (sham) arm, although the absolute difference between groups was small [79] . Follow-up data for the AIR and AIR2 studies showed that the reduction in exacerbations was maintained over a 5-year period [80, 81] . Moreover, the results of the ongoing post-market PAS2 follow-up study at 3 years after bronchial thermoplasty confirm the AIR2 findings [82] .
Despite the initial enthusiasm about this new treatment modality, real-life studies reported reduced rates of clinical improvement and higher rates of adverse events compared with clinical trials [83, 84] . Furthermore, this technique is an interventional procedure, not widely available, and many experts in the medical community have raised questions and concerns about its long-term efficacy and safety [85, 86] . In the latest ATS/ERS guidelines for severe asthma, it is recommended that bronchial thermoplasty must be performed in dedicated centres and only in the context of a systematic registry or a clinical study [2] .
Future treatments
Despite the unmet needs in the treatment of severe asthma, very few new classes of drugs were introduced and considered safe and effective for these patients over the past decades. New therapies targeting critical mediators, receptors and enzymes implicated in the pathophysiology of severe asthma are currently under development and/or in clinical trials.
Strategies targeting the T2 axis include antibodies against IL-4, IL-13, IL-25, IL-33, thymic stromal lymphopoietin, oral CRTh2 (chemoattractant receptor-homologous molecule expressed on Th2 cells) antagonists and novel anti-IgE therapies (quilizumab, MEDI-4212, ligelizumab) [87] . Lebrikizumab is an IgG4 mAb that targets IL-13. Initial studies in moderate to severe asthma demonstrate efficacy in a subset of patients characterised by eosinophilic inflammation and high serum periostin levels [88] . However, a recent publication of two replicate phase 3 studies (LAVOLTA) failed to meet the primary outcome (reduction in the rate of asthma exacerbations in biomarker-high patients) [89] . Additionally, two phase 2 studies with tralokinumab, another IgG4 mAb that targets IL-13, failed to show clinical efficacy in patients with severe uncontrolled asthma [90, 91] . Thus, targeting IL-13 alone might not be sufficient to provide clinically meaningful improvement in exacerbations and asthma control in these patients.
Dupilumab is a mAb directed against the α-subunit of the IL-4 receptor and blocks both IL-4 and IL-13 signal transduction. In an initial phase 2a trial, dupilumab therapy was associated with fewer asthma exacerbations when LABAs and ICS were withdrawn, with improved lung function and reduced levels of Th2-associated inflammatory markers [92] . In a following phase 2b study, dupilumab treatment over a 24-week period increased lung function and reduced severe exacerbations in patients with uncontrolled persistent asthma irrespective of baseline eosinophil count, with a favourable safety profile [93] . Dupilumab seems to be a promising candidate drug for severe asthma, but larger phase 3 studies are required to establish its long-term efficacy and safety. Such studies in patients with uncontrolled and steroid-dependent asthma are currently ongoing (ClinicalTrials.gov identifiers NCT02948959 and NCT02528214).
Receptor antagonists for CRTh2 are also being investigated in asthma treatment. Fevipiprant (QAW039) is such an oral CRTh2 antagonist, and initial phase 2 studies showed some promising results in patients with airflow limitation (FEV1 <70%) and persistent sputum eosinophilia [94, 95] . Two phase 3 studies with QAW039 in patients with severe asthma stratified by blood eosinophil counts are currently recruiting subjects (ClinicalTrials.gov identifiers NCT02555683 and NCT02563067).
Addressing T2-low airway inflammation with new drugs is also an interesting and challenging research area. Several novel small-molecule drugs have been developed and are currently under investigation for the treatment of neutrophilic asthma. Such molecules include C-X-C motif chemokine receptor 2 (CXCR2) antagonists, 5-lipoxygenase-activating protein inhibitors, prostaglandin E 3 /E 4 and various protein kinase inhibitors [96] . Although some preliminary results, especially for CXCR2 antagonists, have been promising [14] , a recent phase 2 study of AZD5069 (a CXCR2 antagonist) failed to reduce the frequency of severe exacerbations in patients with uncontrolled severe asthma [97] . Moreover, there are currently no active phase 3 clinical trials for the aforementioned drugs on ClinicalTrials.gov.
Finally, single inhaler triple therapy (LABA/LAMA/ICS) is currently under investigation in patients with uncontrolled asthma despite therapy with medium-to high-dose ICS plus LABA. Large phase 3 studies with fixed-dose combinations of fluticasone furoate plus umeclidinium bromide plus vilanterol (ClinicalTrials.gov identifier NCT02924688), beclometasone dipropionate plus formoterol fumarate plus glycopyrronium bromide (ClinicalTrials.gov identifiers NCT02676076 and NCT02676089) and indacaterol plus glycopyrronium bromide plus mometasone furoate (QVM149; ClinicalTrials.gov identifier NCT02571777) are currently ongoing. Despite the fact that none of these studies has been designed specifically for severe asthma patients, their results can still provide useful information.
Treating severe asthma: an algorithmic approach
The management of severe uncontrolled asthma in daily clinical practice is challenging for the treating physician. In the last few years, new exciting drugs have been developed and are already being used in clinical practice, while other novel approaches are currently in clinical trials. However, before resorting to new add-on treatment for severe uncontrolled asthma, we must not forget to re-evaluate patients' comorbidities, exposure to allergens or other noxious agents, as well as adherence and proper use of current treatment [2] . The vast majority of these patients are already on high-dose ICS/LABA fixed combination and some of them are current or former users of LAMA (tiotropium). Even if it is still not supported by current guidelines or many clinical studies, a switch to a different inhaler device (metered dose inhaler to dry powder inhaler or vice versa) or to a different ICS/LABA strategy (i.e. SMART (single maintenance and reliever therapy)) may also prove beneficial for specific uncontrolled severe asthma patients [98, 99] . It is common knowledge that not all patients can achieve the proper technique for each type of inhaler. Therefore, rather than insisting that patients use a particular device or treatment strategy, a better way could be to match a device or treatment plan to the specific patient.
With new therapies and strategies already approved, and others upcoming in the near future, there is a clear need for a stepwise therapeutic approach in severe uncontrolled asthmatic subjects. We present a clinical algorithm (figure 1) that we currently use in our severe asthma outpatient clinics. The first step is to differentiate T2-high from T2-low asthma based on specific clinical features and biomarkers. According to the algorithm presented here, T2-high asthma is defined as the presence of atopy (SPT/RAST+) and/or IgE >100 IU·mL −1 and/or FENO >30 ppb and/or blood eosinophils >300 μL −1 and/or sputum eosinophils >2%. The absence of these characteristics is consistent with T2-low asthma. Periostin is also a promising biomarker for T2-high asthma, but it is not included in this algorithm as it is not yet commercially available and is only used in clinical trials.
T2-high asthma endotype
After allocating a severe asthma patient to the T2-high endotype, it is also necessary to assess which endotype, i.e. allergic or eosinophilic, is predominant. We propose the use of a set of specific clinical features and biomarkers to dissociate between these two endotypes (table 2). It is important to define the predominant endotype driving the disease in order to assess the treatment that is more likely to be successful. In clinical studies of anti-IL-5 treatment in eosinophilic asthma, "overlap" syndrome, i.e. patients sharing the obligatory characteristics of both endotypes, may be as high as 50% (table 3) . Using the approach proposed in table 2 in everyday clinical practice, the vast majority of patients can be allocated to either allergic-or eosinophilic-predominant T2-high asthma. In allergic-predominant severe asthma, omalizumab is the treatment of choice, while in eosinophilic-predominant asthma, anti-IL-5 treatment is the reasonable therapeutic approach. From our experience, also supported by recent studies, only a minority of patients, probably <20%, share equal features from both groups and no predominant endotype is evident [100] . In these patients with an overlapping phenotype, the treating physician may choose to start with either anti-IgE or anti-IL-5 treatment [101] . Given that omalizumab has established Haldar [24] 2009 Mepolizumab >3% sputum eosinophils 61 68% SPT+ Castro [54] 2011 Reslizumab >3% sputum eosinophils 106 80% allergic rhinitis Pavord [15] 2012 Mepolizumab >300 μL −1 blood eosinophils 616 50% SPT+ Ortega [55] 2014 Mepolizumab >150 μL −1 blood eosinophils at screening or >300 μL efficacy and safety data for >10 years, and doctors have more experience using it, omalizumab is more likely to be the starting treatment in these patients. However, mepolizumab or benralizumab could be considered as a first-choice treatment in patients with corticosteroid-dependent asthma, based on data from randomised clinical trials showing efficacy and an oral steroid-sparing effect in this specific group of patients [56, 70] . So, in this overlapping patient population there is no objective and evidence-based answer to the question: "Anti-IgE or anti-IL-5 as a first choice?", as no direct comparison between these two treatments was ever made or planned and probably will never be done.
Irrespectively of the initial treatment, patients should be frequently re-evaluated and in case of lack of improvement, a switch of treatment could be considered. In favour of this, recent data suggest that mepolizumab has similar efficacy even in patients previously treated with omalizumab, while data on the opposite approach are not available [102] . A definite answer to this approach, at least for the switch from omalizumab to mepolizumab, could be expected from an ongoing multicentre randomised controlled trial that aims to evaluate the effect of mepolizumab in patients with severe eosinophilic asthma not optimally controlled with omalizumab (ClinicalTrials.gov identifier NCT02654145).
Regarding anti-IL-5 treatment, the level of blood eosinophils that accurately selects possible responders, the optional duration of treatment and the safety of the long-term use of these drugs remain to be defined. Different biomarkers and cut-off values have been reported in studies (table 3) . Moreover, to date, little is known about the effects of withdrawal of anti-IL-5 treatment. HALDAR et al. [103] reported outcomes after cessation of mepolizumab therapy in severe eosinophilic asthma over a 12-month follow-up period. Cessation of mepolizumab was associated with a rise in the blood eosinophil count, returning to baseline levels over 6 months. Furthermore, the frequency of severe exacerbations as well as asthma symptoms increased significantly after stopping mepolizumab [103] . These findings support the long-term or even the life-long use of anti-IL-5 treatment in order to maintain suppression of eosinophilic airway inflammation. As for the long-term data, these are still awaited.
An alternative treatment option in this T2-high group of patients, irrespective of eosinophilic or allergic endotype, is the use of OCSs. This treatment approach has been used for >30 years now, but with relative low efficacy and disproportional side-effects [72] . However, when treatment with mAbs is not effective, available or afforded/reimbursed, prednisolone remains the treatment of choice for this T2-high group of patients. The dose needed to retain control of the disease must be individualised and, as stated in the latest GINA recommendations [18] and in our clinical experience, 5-10 mg daily is effective for the vast majority of these patients.
In a small minority of T2-high severe uncontrolled asthma with overexpressed Th2 inflammation (IgE >1000 IU·mL −1 and blood eosinophils >500 μL
), the allergic bronchopulmonary mycosis (ABPM) endotype must be considered. Cough and phlegm are generally the main manifestation of the disease, and these symptoms are usually associated with bronchiectasis on lung imaging. Proof of sensitisation to Aspergillus or other fungi is necessary for this endotype diagnosis, with positive immediate skin test or increased specific IgE antibody to the responsible fungi [104] . Primary therapy consists of OCSs and many of these patients will require life-long treatment with these drugs. Antifungals can be used as a steroid-sparing agent, and some small placebo-controlled studies in allergic bronchopulmonary aspergillosis (ABPA) have reported efficacy of itraconazole in symptoms control and reduction of exacerbations [105, 106] . Numerous case series suggest that next-generation antifungals may be more efficacious, although a recent randomised placebo-controlled trial with voriconazole failed to show a beneficial effect in the treatment of Aspergillus fumigatus-associated asthma [107] . The only Th2-targeted approach that has been reported in this endotype is the use of anti-IgE treatment. A recent review of 102 cases from 30 published studies [108] , as well as the first randomised placebo-controlled trial of omalizumab therapy in ABPA [109] , provide evidence for the efficacy and safety of this therapeutic intervention in ABPM. It must, however, be emphasised that the use of omalizumab in this T2-high endotype is currently off-label.
Finally, in some T2-high severe uncontrolled patients where the clinical presentation suggests that leukotrienes may be strongly implicated in the underlying pathophysiology (i.e. aspirin sensitivity, concomitant severe allergic rhinitis), a therapeutic trial with LTRAs could be considered [110, 111] . Regarding future treatments and drugs in the pipeline, the most promising data are from dupilumab and fevipiprant (QAW039) studies, but results from phase 3 studies are still lacking.
T2-low asthma endotype T2-low disease was initially considered to be a rather rare entity in the context of severe asthma; however, recent data indicate that it may affect up to a third of severe asthmatic subjects [9] . The lack of an effective controller medication for patients with T2-low asthma is a substantial clinical problem that currently has no clear solution. Assessing airway inflammation by sputum differential cell counts is not widely available in clinical practice, so we used other surrogate markers or disease characteristics in our therapeutic algorithm (figure 1).
Smoking is a well-known factor that not only aggravates asthma symptoms and worsens asthma control, but is also associated with neutrophilic asthma that is refractory to corticosteroids and other medication [112] . Asthma-COPD overlap is also related to smoking and as the percentage of current or ex-smokers in severe asthma cohorts remains high (30-50%) [8] [9] [10] , this diagnosis must be always considered. Asthma-COPD overlap is also associated with fixed airway obstruction and lower FEV1, features of prominent remodelling changes, which are common characteristics in this group of T2-low asthma endotype. Tiotropium (soft-mist inhaler) is the only LAMA formulation that has been recently included as a new add-on asthma treatment for Steps 4 and 5 in the GINA recommendations [18] , but also all the other LAMAs can be used in the case of COPD comorbidity [18] . In this subgroup of severe T2-low asthmatic subjects, LAMAs (if not previously used) seem to be the next logical add-on treatment (figure 1).
The "off-label" use of macrolides is an alternative therapeutic option for some T2-low asthmatic subjects, as suggested by subgroup analysis in the study by BRUSSELLE et al. [74] . Current smokers were excluded from the positive AMAZES study [75] and a randomised controlled trial of azithromycin in smokers with asthma failed to demonstrate efficacy in any clinical or laboratory outcome [113] . Therefore, in nonsmoking T2-low severe asthmatic subjects, a trial with low-dose azithromycin (250 mg·day −1 for 5 days and then one capsule three times a week for 3 months) can be considered as a treatment option (figure 1).
Other treatment approaches currently available for T2-low asthma address noninflammatory pathways possibly involved in its pathogenesis. A therapeutic approach for patients with prominent remodelling changes, mainly smooth muscle hypertrophy, is bronchial thermoplasty. As this technique is invasive and not widely available, it is proposed that bronchial thermoplasty must be performed in experienced centres and only in the context of a systematic registry. Obesity-associated asthma represents another distinct clinical phenotype often associated with the T2-low endotype in worldwide registries of severe asthma [8, 9, 114] . Several studies have shown that weight loss in obese adults with severe asthma can improve asthma control, lung function, airway hyperresponsiveness and quality of life [115, 116] . These findings support the need to actively pursue healthy weight-loss measures in this phenotype as the first management option ( figure 1 ). Moreover, a recent well-designed study reports positive effects of bariatric surgery on asthma control, lung function, and bronchial and systemic inflammation in morbidly obese mild to moderate asthmatic subjects [117] . Case reports also show favourable results in severe uncontrolled asthmatic subjects [118, 119] . These data allow us to consider this invasive surgical approach for weight loss in this asthma phenotype, if other weight-loss measures have failed (figure 1).
Regarding future treatments, several novel small-molecule drugs have been developed and are currently under investigation for the treatment of neutrophilic asthma, but none has yet reached phase 3 trials [96] . New treatment options for T2-low asthma are urgently needed.
Conclusions
Management of severe uncontrolled asthma is difficult and challenging. Understanding the patient's phenotype characteristics and identifying biomarkers can help us classify the underlying disease endotype and address appropriate therapy in an algorithmic stepwise approach. Treatment options in severe asthma have been enriched in recent years, but unmet needs still exist, especially in T2-low asthma.
